By William E. Sanders, Raymond W. Wilson, Christie M. Ballantyne, and Arthur L. Beaudet P-selectin (CD62) is a rapidly inducible cell surface adhesion molecule that is expressed on platelets and endothelial cells and mediates their interaction with leukocytes. In vitro studies have suggested that this receptor may play an important role in hemostasis and in inflammatory response to tissue injury. We report the molecular cloning and sequencing of murine cDNA for P-selectin. The lectin, epidermal growth factor (EGF)-like, transmembrane, and cytoplasmic domains are highly conserved between mouse and human, with an overall amino acid identity of 79%. To further investigate the biology of this adhesion molecule in vivo, we
monocyte^.^^ Recently, sulfatides, expressed on the plasma membrane of granulocytes and some tumor cells, have been proposed as the principal ligand for P-selectin.18 Although the function of P-selectin in vivo remains speculative, this receptor's immediate binding of leukocytes to activated platelets and endothelium suggests that P-selectin may be important in hemostasis, as well as in inflammatory responses to tissue injury.l0
The selectin gene family3J9 currently consists of three members: L-selectin also known as the murine lymphocyte "homing receptor" (MEL-14)20,21 or human lymphocyteassociated cell surface molecule (LAM-l)22-24; E-selectin or endothelial leukocyte adhesion molecule-1 (ELAM-1)25; and P-selectin. In both mouse and human, these genes are found tightly clustered on chromosome 1.26 Similarities of predicted primary structures of selectins include a domain homologous to calcium-dependent lectins at the N-terminus, an epidermal growth factor (EGF)-like domain, a series of consensus repeats similar to those in complement binding proteins, a transmembrane region, and a short cytoplasmic tai1. 1, 20, 21, 25 In this study, we report the molecular cloning and sequencing of the murine cDNA for P-selectin. To further investigate the biology of this molecule, we studied the in vivo cellular response of mRNA for P-selectin after endotoxin stimulation.
MATERIALS AND METHODS

Isolation of cDNA and genomic DNA clones.
A mouse lung cDNA library in the lambda ZAP I1 vector was prepared previanalyzed mRNA levels for P-selectin in mice after injection with endotoxin. Northern blot data indicate that the cellular response in vivo includes a rapid increase in the level of mRNA, presumably for new synthesis of P-selectin. The increase in mRNA is maximal at 4 hours, and turnover is relatively rapid, with levels of RNA having decreased substantially by 6 hours following stimulation with endotoxin. After administration of endotoxin, the highest levels of mRNA expression were detected in liver, lung, kidney, and heart. @ 1992 by The American Society of Hematology. ouslyZ7 and was screened by plaque filter hybridization with the human cDNA as a probe using standard methods.28 The human full-length cDNA for P-selectin' was generously provided by Dr R.P. McEver. To obtain additional cDNA clones, a second cDNA library was prepared in the lambda ZAP I1 vector according to the supplier's protocol (Stratagene, La Jolla, CA). For this library, total cellular RNA was isolated from mouse liver 4 hours after stimulation with lipopolysaccharide (LPS). Adult female C57BI/6J mice were injected intraperitoneally with 50 kg of LPS from Salmonella typhosa (Difco, Detroit, MI). One cDNA clone (mPSEL-1) was isolated from the mouse lung library and was used to screen the mouse liver library. Filters were hybridized in 6 x SSC ( l x SSC is 0.15 mol/L NaCl, 15 mmol/L sodium citrate), 5 x Denhardt solution, 0.5% sodium dodecyl sulfate (SDS), 0.1 mg/mL salmon sperm DNA at 65°C overnight and then washed with 2 x SSC and 5% SDS at 65°C for 20 minutes followed by 1 x SSC and 0.5% SDS at 65°C for 20 minutes. The cDNA clones were rescued in pBluescript SK(-) (Stratagene, La Jolla, CA) using the in vivo selection method.29
Five genomic clones were isolated from a mouse NIH3T3 DNA library (No. 946301, Stratagene) in the lambda FIX I1 vector using the human cDNA as a probe. Phage DNA was prepared from genomic clones as described?O digested with restriction enzymes, and analyzed by Southern blotting using 5' and 3' fragments of the human cDNA as probe. The probes were prepared using the hexanucleotide priming technique?l The 5' end of the DNA sequence was obtained by reverse transcription of total cellular RNA from the LPS-stimulated mouse liver using antisense primer 3 (see primers in Fig 1) . The cDNA was extended using conditions for hairpin formation and polymerization with Klenow fragment3 The product of the hairpin reaction was amplified with Taq use only.
For personal at PENN STATE UNIVERSITY on February 20, 2013. bloodjournal.hematologylibrary.org From were subcloned into M13mp19 and sequenced. This provided the coding region homologous to human exon 3, but no further 5' sequence. The remainder of the 5' sequence was obtained using hairpin formation for synthesis of second strand cDNA followed by PCR as described in the Methods. To confirm this sequence, additional cDNA was prepared and amplified using primers 1 and 2. A band of the predicted size was obtained and this fragment was subcloned into ~1 3~1 9 and sequenced. me c D N~ Se- quence was identical to that of the original PCR product.
The nuc1eotide sequence anabsis showed that the mouSe CDNA is 2,561 bp in length, excluding the poIy(A) tail (Fig  2) . m e open-reading frame encodes a polypeptide of 768 polymerase (Promega, Madison WI) in the conditions recommended by the supplier using only primer 2. The product of the included the sequence of primer 2 at both ends. In order to confirm with primers l and 2, cloned, and sequenced. To assess the possibility of alternative splicing of an exon that was present in go(dT) primer, amplified with primers 4 and 5, cloned, and sequenced. Fragments of cDNA, genomic DNA, or PCR product were subcloned in pBluescript or M13mp19 and were sequenced using Sequenase version 2.0 sequencing kit (USB, Cleveland, OH) or an automatic sequencer (Applied Biosystems, Foster City, CA).
For studies of expression, adult female C57BU6.I mice were injected intraperitoneally with either saline or 50 pg of LPS. Mice were killed at 1/2, 2, 3, 4, 6, 8, and 24 hours after injection. Total RNA was isolated from organs by acid guanidium thiocyanate-phenol-chloroform e~t r a c t i o n .~~ Subsequently, 10 kg of RNA was loaded per lane and electrophoresis was performed in a 1% agarose/formaldehyde gel.% The RNA was then transferred to a charged nylon membrane (Genescreen Plus, NEN Products, Boston, MA) and baked. Prehybridization and hybridization were performed in 50% formamide, 10% dextran sulfate solution as per the manufacturer's recommendation, using the murine cDNA (mPSEL-1) as probe.
depicted aSfOllOWS: 1 = sense 5'-ACATlTCTGGAAAGCGAATAGGAAamino acids, which is 62 amino acids shorter than the human cDNA for P-selectin. The 5' and 3' untranslated regions were 123 and 128 bp, respectively. The mouse 5' untranslated region is 85 bp longer than that reported for the human (Fig 2A) . However, the 3' untranslated region is markedly shorter, 128 bp in the mouse as compared with 614 bp in the human.
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RESULTS
A partial murine cDNA clone was isolated first from the mouse lung library. This clone (mPSEL-1, Fig 1) was homologous to the human coding sequence from the sixth consensus repeat through the polyadenylation site, and was used to prepare a mouse cDNA probe. Twelve additional cDNA clones were then isolated from the LPS-stimulated liver library. The longest partial cDNA clone (mPSEL-2, Fig 1) was homologous to the human sequence in exon 3 (lectin domain) through the carboxyl terminus and included the 3' untranslated region. Additional sequence data were obtained from genomic clones. Five genomic clones were studied using a 5' human probe consisting of the initial 310 bp of the human sequence. Three clones hybridized with this 5' probe and the remaining two hybridized with a murine 3' probe. Two of the 5' clones were found to be unique and were studied by Southern blot with the 5' human probe. Hybridizing fragments (mPSEL-3, Fig 1) " u g --I--IM-----------.-a------------------------r-- Human one mouse cDNA clone spanned the region homologous to human exon 6, and the cDNA sequence was missing 186 bp encoding the 62 amino acids compared with the human sequence corresponding exactly to human exon 6?3 Primers were prepared in sequence flanking the missing exon (primers 4 and 5, Fig 1) . Using first-strand cDNA, PCR was performed to evaluate if there was alternative splicing to include a mouse exon homologous to human exon 6. The major band on agarose electrophoresis of the PCR product was consistent with the absence of the sequence homologous to the human exon 6. There was no evidence of another band with an additional 186 bp. The major band was subcloned into M13 and sequenced. The sequence was identical to that of the original mouse clone. In the human cDNA, a clone deleted for exon 11 (consensus repeat no. 7), as well as a clone without the coding sequence for the transmembrane region, was reported.' Ten different mouse clones were sequenced for the presence or absence of the transmembrane coding region, and none were found to be lacking this sequence.
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Expression studies were performed using C57B1/6J mice injected intraperitoneally with saline or 50 pg of LPS. With the murine cDNA probe, Northern blot analysis of mRNA from saline injected mice showed no detectable mRNA expression in the liver, lung, kidney, thymus, heart, spleen, or brain. After LPS, mRNA for P-selectin was detected at relatively high levels in liver, lung, kidney, and heart (Fig4).
Low levels were noted in brain, spleen, and thymus on longer exposure of the membrane shown in Fig 4. The time course for expression was examined in liver and lung. The first detectable levels of mRNA were at 30 minutes in the lung and at 2 hours in the liver. Maximum levels were found at 4 hours, and the mRNA had decreased to undetectable amounts 6 hours after LPS stimulation (Fig 5) and did not increase at 8 and 24 hours (data not shown). The experiments shown in Figs 4 and 5 were performed multiple times with similar results. The loading of total mRNA was approximately equal as judged by ethidium bromidestaining of the gel, and there was no major evidence of degradation when the same filters were hybridized with probes for other cell adhesion molecules.
DISCUSSION
Comparison of the human and murine cDNA and amino acid sequences shows that the conservation of amino acid sequence is greatest (83% to 90%) in the EGF, transmembrane, and cytoplasmic domains; is 76% in the lectin domain; ranges from 58% to 77% in the consensus repeats; and is lowest in the signal peptide (Fig 3) . It will be of interest to learn if there are any differences in the lectin binding properties of human and murine P-selectin. Human cDNA clones for P-selectin have shown variant numbers of consensus repeats, and in one clone the region encoding the transmembrane domain was absent, suggest28s -18s- 
18S-
ing the possibility of a soluble form of this mo1ccule.l Recently, the organization of the human gene for P-selectin was The intron-exon boundaries described indicate that the variant forms of human cDNA may result from alternative splicing of mRNA.33 We found no evidenceof a soluble form of P-selcctin in the mouse as judged by sequencing the clone from the lung library and ninc clones from the liver library, all of which contained the transmembrane domain. We did not observe any evidence of alternative splicing of the mouse transcripts, although there was one fewer consensus repeat domain in the mouse compared with the human. It is not known if this represents an evolutionary difference involving a deletion/duplication or if a n exon is present in the mouse, but not used in the mature mRNA detected here. P-selectin is likely involved in neutrophil extravasation, which involves two steps, leukocyte recognition of activated endothelium and subsequent secure binding to that endothelium, thus facilitating transmigration through the vessel wall." The initial step in this process, the first interaction of neutrophils with activated endothelium, is manifested by the neutrophil "rolling p h e n o m e n~n . "~~.~ The selectin family of adhesion molecules has been implicated in this primary rolling phase of endothelium/leukocyte recognition and a d h e~i o n . " J~~~ On artificial lipid bilayers containing purified P-selectin, neutrophils have been shown to roll under flow conditions similar to those found in postcapillary venules.40 The p2-integrin adhesion pathway is implicated in the second step in the extravasation of neutrop h i l~.~~.~* P-selectin is likely to play a role in a variety of inflammatory processes, and may be important mechanistically in certain disease states, including acute respiratory distress syndrome, autoimmune diseases, thrombotic disorders, and metastasis of malignant t u m o r~.~~J~~~~ The increased level of mRNA in the mouse suggest that P-selectin is part of the response to endotoxin. The immune response to gramnegative bacteria depends on host recognition of LPS (endotoxin) on the cell surface of these bacteria." The effects of endotoxin are the result of induced cytokines, including tumor necrosis factor (TNF)?S There is evidence that cndotoxin-induced neutropenia and endothelial cell activation are mediated by TNF.46 When cultured endothelial cells are treated with interleukin-1, TNF, or LPS, increased expression of intercellular adhesion molecule-1 (ICAM-l), E-selectin, and P-selcctin is o b~e r v e d .~.~~.~~.~ Interaction between selectins may be required for optimal function of P-selectin and E-selectin. Recent studies have shown that L-selectin may act as a "presenter" of sLex or related oligosaccharides to P-selectin and E-selectin, thus initiating the first phase of endothelial/leukocyte recognition and adhe~ion.~.~' The increased level of mRNA for P-selectin in the mouse suggests that the cellular response to endotoxin includes synthesis of new P-selectin protein, as well as the previously reported mobilization of preexisting P-selectin. Our primary goal in characterizing the mouse gene for P-selectin is to prepare mutations in the mouse gene using homologous recombination in embryonic stem cells. These mutants would be valuable for the functional analysis of P-selectin in vivo.
